P eriprosthetic joint infection (PJI) remains one of the most devastating complications of total joint arthroplasty [1] [2] [3] . In particular, culture-negative PJI is a very perplexing condition to manage for the surgeon, patient, and infectiousdisease team. In recent years, the prevalence of culture-negative PJI has been on the rise; traditional modalities for isolation of an infecting organism have failed in as many as 45% of patients in some series 4 . This increase may be attributed to a variety of reasons, including infection with low-virulence organisms that require a longer incubation period, premature treatment with antibiotics, and failure to use an enriched culture medium 5, 6 . It has been demonstrated that withholding therapeutic antibiotics until specimens for culture have been obtained can help in isolating an organism 6, 7 . The existing literature suggests that outcomes after culture-negative PJI are similar to those after PJI with an identifiable infecting organism or that negative cultures are even a positive prognostic factor 5, 8, 9 . Furthermore, the most appropriate management of culture-negative PJI is not known, largely because of the immense variability in treatments from both an antimicrobial and a surgical standpoint 5, 8, 10 . The purpose of this study was to elucidate the characteristics and outcomes of culture-negative PJI and to investigate the risk factors for treatment failure.
Materials and Methods

A
retrospective review of 219 patients (138 hips and 81 knees) who had undergone surgery for the treatment of culture-negative PJI between 2000 and 2014 was performed. These culture-negative PJIs were identified utilizing a prospectively collected institutional PJI database of 996 PJIs. A culture-negative infection was defined as one for which cultures of joint aspirate and/or intraoperative tissue samples did not isolate an organism. Patients were excluded from the study if the results of culture of material from the site of the PJI were unavailable; if they had 1 positive culture, a megaprosthesis, or a subsequent PJI in the same joint; or if they had been followed for <1 year.
An electronic query and manual review of the electronic medical record were performed to obtain patient demographics, treatment, microbiology data, comorbidities, and other surgical characteristics. The modified criteria of the Musculoskeletal Infection Society (MSIS) were utilized to further stratify the cohort on the basis of the presence of a sinus tract, white blood-cell count and differential, culture results, serological markers, and leukocyte esterase results 11 . Cutoffs for elevated serological markers were based on the thresholds established at the International Consensus Meeting on PJI 12 . All primary total knee arthroplasties that were originally performed at our institution included antibiotic-impregnated cement, and all total hip arthroplasties at our institution were performed without cement. The primary total joint arthroplasty was performed at our institution in 60.1% of the cases in the PJI database. Intraoperative topical antibiotics or antibiotic beads were not routinely used. During irrigation and debridement, polyethylene exchanges were routinely performed concurrently. If a pathogen was isolated on solid media in the microbiology laboratory, regardless of the amount of growth, the cultures were considered positive and the PJI was excluded from the study. It is our generalized institutional protocol that multiple (3 to 5) tissue and fluid samples are obtained during revision surgery and are sent for aerobic and anaerobic, fungal, and acid-fast bacilli culture using both solid media and broth. The average number of samples for the patients in this study was 3.6 (range, 2 to 8). Tissue samples are obtained from 3 standardized surgical sites: the synovium, femoral medullary canal, and tibial medullary canal (for knees) or the capsule, femoral medullary canal, and acetabulum (for hips). Additional samples for culture are taken, on a case-by-case basis, from areas that appear to be high-yield. Both solid media and broth are used. A matrix-assisted laser desorption-ionization time-of-flight mass spectrometer (GE Healthcare) has been utilized in recent years to confirm the identity of pathogens isolated from culture.
Treatment success was assessed with use of the Delphi consensus criteria, which are based on (1) eradication of infection, characterized by a healed wound without fistula, drainage, pain, or recurrence of infection caused by the same strain of organism; (2) no subsequent surgical intervention for infection after reimplantation surgery; and (3) no occurrence of PJI-related mortality 13 . All statistical analyses were performed with use of R 3.1 (R Foundation for Statistical Computing) using the RMS (regression modeling strategies) package for the logistic regression. An alpha level of 0.05 was used to determine significance. Kaplan-Meier survivorship curves were generated for 1, 2, and 5-year follow-up and for the different treatments, with treatment failure as the end point. Differences in survivorship were assessed using the log-rank test.
Results
T
he prevalence of suspected culture-negative PJI was 22.0% (219 of 996 joints) and that of MSIS-defined culture-negative Kaplan-Meier survivorship curve (with 95% CI), with survival defined as treatment success according to the Delphi consensus criteria, for patients who had culture-negative PJI. PJI was 6.4% (44 of 688 joints). Overall, the rate of treatment success was 69.2% (110 of 159 joints) in patients who had been followed for >1 year. The rate of infection-free survival was 81.1% (95% confidence internal [CI]: 75.0% to 87.2%) at 1 year, 78.1% (95% CI: 71.6% to 84.6%) at 2 years, and 65.3% (95% CI: 57.3 % to 73.3%) at 5 years (Fig. 1 ). There was a high rate of complications in these patients, including 6 amputations and 3 PJI-related deaths.
Treatment with 2-stage exchange resulted in improved survivorship (p = 0.019) compared with irrigation and debridement (Fig. 2) . When stratified by procedures, the rate of treatment success was 71.2% (84 of 118 patients) for 2-stage exchange, 55.6% (15 of 27 patients) for irrigation and debridement, and 78.6% (11 of 14 patients) for 1-stage exchange. Furthermore, the rate of treatment success at last follow-up was 74.2% (69 of 93 patients) for patients treated with monotherapy and 64.3% (9 of 14 patients) for those treated with combination antibiotic therapy. There was no difference in survivorship between these antibiotic treatment groups (p = 0.248) (Fig. 3) . The antibiotic treatment was unknown in 52 patients.
Of the 49 culture-negative PJIs that were not managed successfully, 26 (53.1%) subsequently had positive cultures, and for 10 (38.5%) of these patients the cultures showed methicillin-sensitive Staphylococcus aureus. The rate of negative cultures over the 15-year span of this study ranged from 11.9% to 33.3% and decreased by an average of only 0.35% per year (Fig. 4) . The rate of treatment success over this time period was variable but increased by an average of 1.4% per year (Fig. 5) .
For the culture-negative PJIs in this study, multivariate analysis revealed that risk factors for treatment failure were knee joint involvement (adjusted odds ratio [OR], 4.60; p = 0.002) and surgical management with irrigation and debridement (adjusted OR, 3.10; p = 0.031). There was no difference in risk for patients treated with monotherapy or combination antibiotic therapy (OR, 0.612; p = 0.560).
Discussion
I n the present study, culture-negative PJI was associated with poor outcomes and a high rate of salvage procedures. Furthermore, we found that irrigation and debridement had a low rate of eradication of infection, with a success rate of only 55.6%.
Given the poor outcomes associated with culture-negative PJI, it is important to identify the infecting organism. However, the sensitivity of routine cultures for identifying the infecting organisms in PJI is low, ranging from 39% to 70% in reported studies 7, 12, 14, 15 . Several factors are associated with failure to isolate a microorganism and decreased yield on culture. First, premature administration of antibiotics may compromise culture yield; thus, antibiotic treatment should be withheld until organisms are grown on culture 5, 6 . However, multiple studies have demonstrated that perioperative administration of prophylactic antibiotics has no influence on culture yield 12, [16] [17] [18] [19] [20] [21] . Line graph illustrating the rate of treatment success by year for patients with culture-negative PJI. Line graph illustrating the 15-year rates of culture-negative and culturepositive PJI.
Culture-Negative Periprosthetic Joint Infection
Tetreault et al. reported that intraoperative cultures yielded the same organisms as preoperative cultures in 82% (28 of 34) and 81% (25 of 31) of patients randomized to receive antibiotics before the skin incision or after specimens were obtained for culture, respectively 20 . A randomized study by Bedenčič et al. revealed no difference in the organisms grown from samples obtained before and after antimicrobial prophylaxis (OR, 0.99; p = 0.99) 19 . Despite this evidence, the recommendation of the International Consensus Meeting on PJI is that mandatory withholding of antibiotics is not justified but that "in cases in which PJI is diagnosed or suspected and a pathogen has yet to be identified, the use of prophylactic antibiotics is dependent upon clinical judgment." 12 Culturing techniques may also influence culture yield, particularly for less-virulent organisms such as Propionibacterium acnes or coagulase-negative Staphylococcus 7 . The use of blood culture bottles and flasks instead of conventional agar and broth cultures is 1 strategy that has been shown to improve the yield of positive cultures of both synovial fluid and tissue specimens in cases of PJI 14, 16 . In addition, extending the incubation period and obtaining a sufficient number of samples may also increase the sensitivity of culture 7, 12 . Current recommendations state that 3 to 5 distinct intraoperative tissue samples should be obtained and sent for aerobic and anaerobic cultures in suspected cases of periprosthetic joint infection 12 . Furthermore, it has been proposed that as many as 10 periprosthetic samples should be collected when infection with a low-virulence organism is suspected 14 . As has been mentioned, increasing the incubation period may also increase the culture yield, particularly for lowvirulence organisms. For instance, P. acnes has a prolonged incubation period (median, 6 days) before it can be identified on routine culture 18 . During this period, clinical suspicion of infection in addition to aspiration results should be considered and appropriate treatment for PJI should be administered until the results of culture are known.
While the preferred method of treatment for PJI when routine cultures are negative has not been determined, several studies have investigated treatment outcomes following culturenegative PJI 5, 9, [22] [23] [24] . Choi et al. found that infection control was actually greater for a group of 40 PJIs that had negative cultures of specimens from at least 3 separate areas than it was for 135 PJIs that had positive cultures (p = 0.006) 22 . Additionally, Li et al. reported a reinfection rate of 7.34% for patients with culture-negative PJI, compared with 11.1% for patients with culture-positive PJI (p = 0.94) 9 . Berbari et al. reported a treatment failure-free survival rate of 94% in a series of 60 PJIs for which cultures were negative after being incubated for 7 days 5 . One possible explanation for the high success rates for those culture-negative PJIs is that the infections may have been caused by less-virulent organisms, which are easier to treat than those caused by more virulent organisms such as methicillinresistant S. aureus (MRSA) 1 . In contrast, the present study and several others have demonstrated equivalent and even worse outcomes for culture-negative PJIs compared with culturepositive PJIs. Huang et al., in a study in which 90% of patients had cultures of specimens from at least 2 locations, reported that the failure rate was 73% for both culture-negative PJIs and culture-positive PJIs (p = 1.0) 23 . Furthermore, in a multivariate analysis, Mortazavi et al. found that culturenegative PJI was a predictor of failure for 2-stage exchange arthroplasty of the knee (OR: 4.5; 95% CI, 1.3 to 15.7) 25 . While these culture-negative PJIs may be caused by lessvirulent organisms, the inability to target a specific organism may explain these less-than-optimal results. However, throughout the literature and as found in our study, survivorship was better after 2-stage exchange arthroplasty than it was after irrigation and debridement. For instance, Berbari et al. reported a 5-year survivorship, defined as treatment success, of 94% (95% CI, 85% to 100%) for 2-stage exchange compared with 71% (95% CI, 44% to 100%) for irrigation and debridement 5 . In contrast, in our study, the overall survivorship at 5 years was dismal (65.3%). These low rates of eradication highlight the importance of minimizing the rate of PJI by employing medical optimization, perioperative strategies, and careful patient selection. The improved treatment outcomes in other studies may potentially be attributable to the fact that some joints believed to have had culture-negative PJI may not actually have been infected.
New technologies, such as improved culturing techniques or next-generation sequencing, are needed to help identify the infecting organism in order to tailor antibiotic treatment. Recent evidence suggests that next-generation sequencing may provide increased sensitivity in isolating organisms (at a rate of up to 89% for culture-negative PJI) that cannot be identified using conventional culture [26] [27] [28] [29] . Such sequencing allows the identification of organisms within a sample by high-throughput parallel sequencing of all the microbial DNA present, followed by comparison of the generated sequence reads against a bioinformatic database of all known microorganisms. While previously cost-prohibitive, the price of this diagnostic technique has dramatically decreased in recent years, making it accessible for clinical use 26, 27 . The technique may be particularly useful when there is strong clinical suspicion of infection but cultures or other diagnostic tests are negative 12, 27 . In addition, several studies have demonstrated that sonication can improve the likelihood of identifying an organism through the removal of biofilm from the implant [30] [31] [32] [33] . While sonication is a time-intensive procedure that requires specialized equipment and may not be available to many, the International Consensus Meeting on PJI recommended that it be used in cases of suspected or proven PJI for which preoperative cultures of aspirate do not yield positive culture and antibiotics were administered previously 12, [30] [31] [32] . The present study had a number of limitations. First, the study was retrospective and there was limited information regarding premature antimicrobial therapy for these patients because it was poorly documented in the medical record. In addition, patients who had had a 1-stage exchange were not included in the study because culture-negative PJI was considered a contraindication and only 8 patients at our Culture-Negative Periprosthetic Joint Infection institution were treated with 1-stage exchange arthroplasty. Additionally, we included patients in whom surgery was performed for PJI even though MSIS criteria may not have been met as it was very difficult to fulfill minor criteria when not a single positive culture was present. The rationale for inclusion of those patients was that serological markers and other aspiration results are lower in patients with low-virulence organisms such as coagulase-negative Staphylococcus or P. acnes, and many of these culture-negative PJIs are thus likely to arise from such organisms. Furthermore, only a 1-year minimum follow-up was used in our study. The sampling techniques, including the number of cultures and incubation periods, were variable among the surgeons and dependent on each surgeon's suspicion of infection. Antibiotic information was unavailable for many patients because the orthopaedic and infectious-disease medical records were distinct and because many patients were followed by physicians unaffiliated with our institution. There was variability in the sampling technique between surgeons despite a generalized institutional protocol. Additionally, because many different surgeons treated these patients, different perioperative treatment strategies were used. Antibiotic therapy and treatments were very heterogeneous and could not be fully explored.
In summary, the present study demonstrates that culture-negative PJI is a relatively frequent finding and has an unacceptable rate of treatment failure. Because of the poor outcomes associated with culture-negative PJI, every effort should be made to isolate the infecting organism prior to surgical intervention. Methods such as extending the incubation period for culture samples, withholding antibiotics until samples have been sent for culture, and using molecular techniques can help in isolating the infecting organism. n
